We report on pure-quantum-state polariton condensates in optical annular traps. The study of the underlying mechanism reveals that the polariton wavefunction always coalesces in a single purequantum-state that, counter-intuitively, is always the uppermost confined state with the highest overlap to the exciton reservoir. The tunability of such states combined with the short polariton lifetime allows for ultrafast transitions between coherent mesoscopic wavefunctions of distinctively different symmetries rendering optically confined polariton condensates a promising platform for applications such as many-body quantum circuitry and continuous-variable quantum processing.
Polaritons in semiconductor microcavities are lightmatter bosonic quasi-particles formed by strong coupling of cavity photons and intra-cavity excitons [1] . Their excitonic part gives rise to strong interactions essential for fast thermalization and condensation, while their photonic part contributes to their very low effective mass ( 5×10 −5 m e ) allowing for high temperature condensation [2] . Polariton condensates have been observed both under non-resonant optical excitation [3] and more recently under electrical injection of carriers [4, 5] . Unlike the weak atom-atom interactions in cold atomic Bose Einstein condensates (BEC), inter-particle interactions in a semiconductor microcavity are strong enough to substantially renormalise polariton self-energy, experimentally observed as a local blue-shift of the polariton spectrum. Variations of the polariton density in the plane of the cavity result in a potential landscape that can be externally controlled through real space modulation of the optical excitation beam. The malleability of the potential landscape can be used to imprint scattering centres [6] and devise polariton traps [7] and gates [8] . The dynamics of polariton condensates in externally modulated potential landscapes can lead to trapped states, standing polariton waves and phase-locking of remote condensates in nontrivial configurations [7, [9] [10] [11] [12] [13] . Control over the mesoscopic polariton wavefunction and its transitions between quantum states bares applications in quantum control, and on-chip quantum information processing [14, 15] .
In this letter, we investigate the dynamics of pure quantum state transitions of polariton condensates under optical confinement. We utilise a ring-shaped, nonresonant optical excitation scheme to create a sizetunable annular potential trap. Under continuous wave excitation, we study the steady-state regime of trapping and condensate formation. We control the height of the potential trap by tuning the optical excitation density and observe that at coherence threshold, polaritons coalesce preferentially at the uppermost confined energy state with the largest wavefunction overlap to the exciton reservoir. To confirm that excited state polariton condensates are realised predominantly by polariton confinement in the optically induced potential trap, we study the transient dynamics of the formation mechanism. For this purpose, we change from continuous wave to pulsed excitation, while keeping all other parameters unaltered, and time-resolve the evolution of the spatial polariton state. Under pulsed excitation, the height of the potential barrier is transiently diminishing following the decay of the exciton reservoir. We observe that the mesoscopic polariton condensate switches between states, progressively transforming to the highest available confined energy state. The experimental observations are accurately reproduced using the extended Gross-Pitaevski equation.
Non-ground state condensates of spatially-confined polaritons were previously observed in optical defect sites and in pillar microcavities, under Gaussian-shaped nonresonant optical excitation incident to the confinement area [16] [17] [18] . In both cases, excited state condensates were shown to be driven by the dynamics of energy relaxation across the confined energy states. In the case of ring-shaped excitation, two characteristically different regimes of polariton condensates have been realised. For ring radii comparable to the thermal de-Broglie wavelength a phase-locked standing-wave condensate colocalised to the excitation area was observed [9] . For ring radii comparable to the polariton propagation length in the plane of the cavity, the excitation ring acted as a potential barrier and a Gaussian-shaped ground state polariton condensate was realized [7] . Christofilini and co-workers examined the transition between phase-locked and trapped condensates using multiple-excitation spots and a ring-shaped excitation pattern [10] . Despite earlier work by Manni et al [9] , the authors claimed that for ring-shaped pumps, no phase-locked state is geometrically possible, and that when the spacing between the pumps reduces, the trapped condensate collapses into a 
Gaussian-shaped ground state. Here, we show that under ring-shaped excitation, the formation of excited state condensates is driven by polariton confinement in the linear potentials and that the presence of non-ground polariton condensates does not necessitate asymmetries in the shape and/or power distribution of the ring excitation. The dependence of the state selection on the height of the trap's barrier at threshold, provides a robust platform for engineering switches of mesoscopic multi-particle coherent states.
The experimental configuration that produces an annular beam of zero angular momenta consists of a double axicon arrangement. A variable telescope is used to control the radii of the excitation beam that we project on the sample. The excitation and detection configuration and the microcavity sample is described in ref. [7] . The microcavity is held in a cold finger cryostat operating at 6 K. We study the steady-state dynamics under nonresonant excitation at 752 nm using a single mode quasicontinuous wave (CW) laser (2% on-off ratio at 10kHz).
Figures 1a-1e, show the spatial profile of mesoscopic wavefunctions for a range of excitation radii and asymmetries, characterised by the ellipticity of the excitation ring, at the coherence threshold. Theses states resemble the TEM modes of a harmonic oscillator and in what follows we will adapt their symbolism to annotate the state of the polariton wavefunction. For an excitation ring with a radius of ∼10 µm we observe a ground-state polariton condensate (Fig. 1a) , as in ref. [7] , which remains in the ground-state as long as the long axis of the asymmetric excitation does not exceed ∼10 µm. For larger excitation ring radius (∼18 µm) and similar ellipticity as in Fig. 1a ( = 0.21 ) at coherence threshold we observe that polaritons coalesce at a higher excited state (ψ 11 ) as shown in Fig. 1b . We note that the symmetry of the excited state wavefunction is robust to small asymmetries in the excitation ring (0 < < 0.23) and the transition from ground to non-ground polariton condensates is predominantly dependent on the radius of the ring. With increasing the ring radius and the asymmetry of the excitation it is possible to observe excited state polariton condensates as shown in Fig. 1c -e. On top of each panel we have annotated the ellipticity of the excitation ring. Interferometric measurements of excited states ψ 01 , ψ 02 , ψ 03 confirm that these are coherent mesoscopic wavefunctions of extended condensates (Fig. 2a-c) . We investigate the dependence of the quantum state selectivity on the barrier height by varying the nonresonant excitation density of a geometrically fixed, ringshaped, asymmetric excitation profile. We use an excitation ring of radius ∼16 µm and = 0.25 that at coherence threshold produces the Ψ 04 polariton state as shown in Fig.3a . By increasing the excitation density above the coherence threshold, while keeping all other parameters the same, we observe the transition from Ψ 04 to Ψ 05 (Fig. 3b) . The order of the latter state is clearly revealed in Fig.3c , where we plot the normalised spatial profiles along the white dashed lines of the real space intensity images of Fig.3a,b. Fig.3c shows the presence of an extra node at the higher excitation density indicative of Ψ 05 . In Fig. 3d we plot the energy shift of the condensate in the transition from Ψ 04 to Ψ 05 with respect to its energy at the coherence threshold (∆(E P − E P th )). A sharp increase of the energy shift (∼ 45µeV ) is observed in Fig.3d at P ∼ 1.12P th . Within the grey stripe intensity fluctuations of the excitation beam artificially blur the two states. The top panels in Fig.3a ,b depict the calculated energy levels for the trap shape and the corresponding probability density of the confined states. In both panels, the red-filled probability density corresponds to the highest occupied state. Evidently, with increasing the barrier height a polariton condensate is realised at the next confined energy level as a pure-quantum-state that can be singularly described by the principal quantum number n (Ψ 0,n+1 ). We explore the robustness of the formation of purequantum-states on density fluctuations in the exciton reservoir by extending our study from the excitation density dependent switching between successive states in the dynamic equilibrium regime to transitions in the time domain under non-resonant pulsed excitation. We use a ring-shaped non-resonant 200 femtosecond pulse at 755 nm with ∼ 11µm radius of the major axis and = 0.3 at 1.6P th . We record the spatio-temporal dynamics of the emission and observe the formation of the Ψ 01 polariton state and its transition to Ψ 00 (see video [19] ). We set the transition point to define the zero time frame for the rest of our analysis. Figure 4a shows a snapshot of the Ψ 01 state at -30 ps. At later times, the two lobes of the Ψ 01 state drift closer together and the condensate rapidly transforms to the ground polariton state (Ψ 00 ) of Fig.4b . The decrease of the density in the barriers in the time-domain results in a shallower trap in which the Ψ 01 state is no longer confined, leading to a polariton condensate at the next available state, here the ground state Ψ 00 . We spectrally and time resolve the decay of emission at normal incidence with an angular width corresponding to |k| ≤ 1.4µm and observe an energy shift from Ψ 01 to Ψ 00 as shown in Figure 4c . This dynamic transition further illustrates that under optical confinement a polariton condensate spontaneously occurs at the highest confined state defined by the barrier height of the trap. The system can be theoretically modelled with a nonlinear Schrödinger equation, namely the Gross-Pitaevski equation. Simulations with the Gross-Pitaevski equation with a potential similar to the one from the experimental measurements in our system qualitatively reproduce the states recorded experimentally. Using a potential V (r) that consists of the exciton-exciton interactions in the reservoir, that blue-shift the polariton energy levels, and of the polariton-polariton interactions in the condensate,the Hamiltonian of the system is:
V r (r) = N r U ex−ex f r (r) (3) where N r is the density of excitons in the reservoir, N c the condensate density, U ex−ex the exciton-exciton interaction strength, U pol−pol the polariton-polariton interaction strength and f r (x) is the spatial distribution of the exciton reservoir taking into account exciton diffusion. In addition to kinetic and potential energy terms in the above Hamiltonian, to account for polariton spatial dynamics, a generalization of the extended Gross-Pitaevskii equation is required to include incoherent pumping and decay [20] . In continuous wave experiments one expects the excitation of a steady state of hot excitons with the spatial profile set by the optical pumping extended by exciton diffusion. One can then make use of the LandauGinzburg approach for describing the dynamics of the 2D polariton wavefunction [21] :
Here m P is the polariton effective mass and f r (r) describes the 2D spatial distribution of N r excitons. The condensation rate r describes the gain of polaritons in the presence of the exciton reservoir. The polaritons experience both a linear decay Γ and non-linear loss Γ N L , which represents the scattering of polaritons out of the condensate when its density is high [21] . The final term in Eq. 4 represents a phenomenological energy relaxation [22] in the system, which can play an important role when nonground state polaritons interact with a potential gradient [23] [24] [25] :
where λ determines the strength of energy relaxation [22, 24] and µ(r, t) is a local effective chemical potential that conserves the polariton population [22] . Kinetic energy relaxation of this form was derived with a variety of methods [26, 27] and offers a simple model for the qualitative description of our experiment. We note however that this model does not distinguish between different mechanisms of energy relaxation, which may have different power dependences [28] . Fixing N r f r (r) to represent a ring shaped excitation (with slight asymmetry), the numerical solution of Eq. 4 gives the steady state intensity profiles shown in Fig. 1f j. Different configurations are accessed by varying the spatial distribution (f r (r)) and population (N r ) of hot excitons, as in the experiment [29] .
In conclusion, we have investigated the dynamics of polariton condensates under optical confinement and observed that, in contrast to previously reported excited state condensation in defect traps and pillar structures, the injection of polaritons from the trap barriers leads to the preferential population of a single bound state, which upon reaching coherence threshold manifests itself as a pure-quantum-state with a mesoscopic coherent wavefunction. We have investigated the state selectivity of this system on the geometric properties of the trap and controlling the switching between successive states with varying the excitation density in the dynamic equilibrium regime and in the time domain. These results demonstrate the capability of tailoring and manipulating on-chip pure-quantum-states in semiconductor microcavities rendering optically confined polariton condensates a promising platform for applications such as many-body quantum circuitry and continuous-variables quantum processing.
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